ABSTRACT Linalool is a natural plant-product used in perfumes, cosmetics, and flavoring agents. Linalool has proven antimicrobial and insect-repellant properties, which indicate it might be useful for control of enteropathogens or insect pests in poultry production. However, there are no published reports that linalool may be safely administered to or tolerated by chickens. Linalool was added to the diets of day-of-hatch chicks, and they were fed linalool-supplemented diets for 3 wk. We studied the effects of linalool on serum chemistry, gross pathology, feed conversion, and relative liver weights. Linalool had a dramatic negative dose-dependent effect on feed conversion at concentrations in the feed exceeding 2% linalool, but not on gross pathology. Liver weights were significantly increased in the 5% linalooltreated birds. There was a statistical effect on blood glucose, but this parameter remained below the cut-offs for elevated serum glucose, and the result is likely of no biological significance. Linalool caused serum aspartate aminotransferase (AST) levels to increase, but it did not increase serum gamma-glutamyl transferase levels. The linalool effect on AST was dose-dependent, but in linalool doses between 0.1 and 2% of the feed, AST was not elevated beyond normal parameters. Linalool at 2% or less may be safely added to chicken feed. We suggest future studies to evaluate the addition of linalool to the litter, where it may be used as an antimicrobial or an insect repellant or to produce a calming effect.
INTRODUCTION
Linalool [2,6-dimethylocta-2,7-dien-6-ol, Chemical Abstracts Service Registry (CAS) #78-70-6] is a natural plant product (Figure 1 ), an essential oil with known antifungal (Pattnaik et al., 1997; Edris and Farrag, 2003; Alviano et al., 2005; Duman et al., 2010; Özek et al., 2010) , antimicrobial (Powers and Beasley, 1985; Suppakul et al., 2003; Alviano et al., 2005; Peñalver et al., 2005; Duman et al., 2010; Park et al., 2012) , and insecticidal properties (Ryan and Byrne, 1988; Weaver et al., 1991) . Linalool has a well-documented history of repelling insects. It is an effective pesticide for the control of ticks and fleas (Hink and Duffey, 1990) , and for control of the mite Tyrophagus putrescentiae (Sánchez-Ramos and Castañera, 2001 ). Linalool is the major bioactive compound in basil oil active against tephritid fruit flies, Ceratitis capitata (Wiedemann) and Bactrocera dorsalis (Hendel; Chang et al., 2009 ). Also, linalool inhibits feeding, oviposition, and egg hatching in the housefly, Musca domestica L. (Sharma and Saxena, 1974; Maganga et al., 1996) . Linalool has been demonstrated to reduce the presence of female mosquitoes by almost twice as much as citronella candles (Müller et al., 2008a,b) , and indoors it repels mosquitoes by 93% (Müller et al., 2009 ). The oral median lethal dose (LD 50 ) of linalool has been established for mice and rats, in the range of 3 to 5 g/kg of BW, which is available on Occupational Safety and Health Administration-Material Safety Data sheets. The toxicology of linalool, including human trials, animal studies with mice, and studies with various cell lines, has been extensively reviewed (Powers and Beasley, 1985; Bickers et al., 2003) .
Linalool is slightly volatile, with a pleasant aroma associated with the fragrance of lavender and laurel. This property has made it useful in commercial products such as flavoring agents, perfumes, and cosmetics, and linalool is considered generally recognized as safe (GRAS) for these purposes (Opdyke, 1975; Bickers et al., 2003) . Additionally, linalool is an important intermediate in the manufacture of vitamin E (Özek et al., 2010) . Linalool strongly suppressed oxidant-induced genotoxicity, which is predominately mediated by radical scavenging activity (Mitić-Culafić et al., 2009 ). Linalool does, however, have effects on the central nervous system. Linalool is a reversible inhibitor of acetylcholinesterase, which may account for its insecticidal properties (Ryan and Byrne, 1988; Weaver et al., 1991) . Plants containing linalool have been used in folk medicine for their anticonvulsant effects, their sedative effects, and antinociception effects (Elisabetsky et al., 1995; Sugawara et al., 1998; Peana et al., 2002 Peana et al., , 2004 Peana et al., , 2006 Bickers et al., 2003) .
The gastrointestinal tracts of commercial poultry, chickens, and turkeys are typically colonized with microbes capable of causing human foodborne illnesses such as campylobacteriosis and salmonellosis (Hui et al., 1994; Beier et al., 2004) . Reducing or eliminating these organisms from live commercial poultry or poultry houses has not been possible, yet their presence poses a considerable human health hazard because there is inevitable carcass-contamination and crosscontamination during processing. There is potential for outbreaks of human illness to occur when contaminated poultry are sold at retail, and when proper food handling, hygiene, sanitation, and storage (refrigeration) are not practiced.
Because linalool has antimicrobial, antifungal, and insecticidal properties, the addition of linalool to poultry feed or to poultry bedding has the potential to address several problems the poultry industry faces. Besides possible reduction or elimination of enteropathogens, linalool might also protect feed from spoilage by insects or fungi, and reduce insect infestation in the poultry house. However, the linalool toxicology literature is devoid of information on the safety of using linalool in poultry. Therefore, we conducted a study of the effects of linalool-treated chicken feed on performance (weight gain and feed conversion), gross pathology, and clinical chemistry.
MATERIALS AND METHODS

Birds
Ninety-six day-of-hatch White Leghorn chickens (HyLine W-36) were obtained from a commercial hatchery (HyLine International, Bryan, TX) and randomly placed into 16 Petersime (Petersime Incubator Co., Gettysburg, OH) brooder pens at a rate of 6 birds per pen (Bailey et al., 2000) . Food and drinking water were provided ad libitum. Chicks were provided diets consisting of a balanced unmedicated commercial type corn and soybean meal basal diet that contained or exceeded the levels of critical nutrients recommended by the NRC (1994). The same unmedicated corn and soybean ration containing 6% corn oil (on a weight basis), or the same ration supplemented with linalool dissolved in corn oil at 0.1, 1, 2, 3, 4, and 5% linalool (on a weight basis), were fed to chicks. There were a total of 8 treatment groups with 12 birds per group. Ten birds were selected at random and evaluated per treatment group, and the birds were housed in 2 cages for each treatment group: 1) a control group fed the unmedicated diet; 2) a control group fed the unmedicated diet modified with the addition of 6% corn oil; and groups 3 to 8 fed diets containing 0.1% through 5% linalool dissolved in corn oil, respectively.
During the initial 70 h of this experiment, all birds were housed in the Petersime with ordinary ventilation. However, a strong odor from the linalool-treated feed caused us to reconsider the ventilation required, therefore, the birds were moved to a room with single-pass ventilation. They remained in these facilities for the remaining duration of the trial, which was a total of 21 d. An Institutional Animal Care and Use Committee, USDA Agricultural Research Service, Southern Plains Agricultural Research Center, College Station, Texas, reviewed and approved husbandry and experimental procedures, #2007002.
Linalool and Diets Containing Linalool
Linalool was purchased from Alfa Aesar (Ward Hill, MA). For each 500 g of linalool-supplemented feed required, 30 g of corn oil, or 30 g of a solution of linalool in corn oil was thoroughly mixed with 470 g of feed, such that the final concentration of linalool in the feed was 0, 0.1, 1, 2, 3, 4, and 5% DM. Each feed trough was checked daily and fresh feed was added as needed to keep the troughs full. As to the experimental protocol, when the supplemented feed was not immediately needed the excess was held at 4°C to reduce the volatility of linalool. A running tally was kept of the total amount of feed used in each trough. When the experiment was terminated, the remaining feed in each feed trough was weighed and subtracted from the total feed used per trough. Feed consumption and feed conversion were then calculated.
Feed Conversion, Relative Liver Weights, and Gross Pathology
The average weight of the day-of-hatch chicks was obtained by weighing each group of 12 chicks separately just before the start of the experiment, and each individual bird was weighed after the 3-wk rearing period. On terminating the experiment, blood was collected by heart puncture in Vacutainer serum tubes, 13 × 75 mm × 3.5 mL (BVA Scientific, San Antonio, TX) from 10 random birds in each control or treatment group. Each bird was then humanely killed and weighed. The weight of the removed blood was added back to the bird weight to calculate the total bird weight for each individual bird before bleeding, which allowed the quantity of weight gained during the course of the experiment to be determined. The organs of each bird were examined for the presence of gross pathology. Each liver was removed and weighed, and the relative liver weights [liver weight (g)/bird weight (g) × 100] were determined for each bird. The total quantity of feed consumed during the trial was measured for each pen, enabling the determination of the feed conversion ratio [feed consumed (g)/weight gain (g)] by treatment.
Blood Serum Analysis
Using an automated, clinical chemistry analyzer (Ciba-Corning Express Plus, Polestar Laboratories, Escondido, CA), the serum concentrations of albumin, calcium, cholesterol, creatinine, glucose, inorganic phosphorus, total protein, triglycerides, urea nitrogen, uric acid, and activities of alanine aminotransferase, alkaline phosphatase, aspartate aminotransferase (AST), creatine kinase, gamma-glutamyl transferase, and lactate dehydrogenase were determined according to the manufacturer's procedures.
Data Analysis
All data analysis was accomplished using GraphPad InStat version 3.01 (GraphPad Software, San Diego, CA, http://www.graphpad.com). This software package contains ANOVA with the Tukey-Kramer multiple comparison test of column means, and tests for linear trends between column means and column numbers. The program automatically tests the assumption that SD are equal between columns and performs tests for normality. Whenever these requirements for parametric tests were not satisfied, nonparametric tests were used: the Kruskal-Wallis test with Dunn's multiple comparisons test and the Spearman correlation.
RESULTS
Feed Conversion Ratio, Weights, and Gross Pathology
Linalool produced a negative effect (P = 0.0006) on feed conversion when the linalool concentrations exceeded 2% (Table 1) . Furthermore, the average BW of birds receiving 5% linalool was only 65.14 ± 7.63 g ( Table 1 ). This very low bird weight in the 5% linalool group was well less than the weight of the birds in the 2 control groups, 116.26 ± 35.28 g for the untreated birds, and 112.81 ± 16.17 g for the control birds given a diet that contained 6% corn oil. The feed conversion ratio for each of the 2 control groups and the groups fed 0.1, 1, and 2% linalool were not different from each other at P = 0.6. In contrast, by the end of the experiment the birds in the control groups gained significantly more weight than birds receiving 5% linalool (P = 0.0001), which were dramatically stunted in growth. There was no consistent gross pathology observed other than stunted growth in the 5% linalool group and a statistically significant increase in the relative liver weights in the 5% linalool-treated birds (Table 1) . We observed that linalool-treated birds exhibited less excitability and appeared to be quieter compared with untreated birds.
Blood Serum Analysis
There were several statistically significant treatment effects on the serum chemistry results. The following blood chemistries, AST, calcium, glucose, and phosphorus had concentrations that were out of the normal range of values. Aspartate aminotransferase (Table 2) increased in a linear dose response with a slope of 30 (P = 0.0009). Also, the nonparametric test, Spearman r = 0.53 (P < 0.001), confirmed a correlation between AST and the linalool dose. The "runs test" was used to evaluate linearity, and a P-value of 0.09 was considered not quite significant. Therefore, there was no observed significant departure from linearity.
There were no significant differences in AST values between the 2 controls ( Table 2) . Mean AST values were 189.20 ± 29 and 226.41 ± 33 IU/L for the untreated control and for controls receiving a 6% corn oilsupplemented diet, respectively. Aspartate aminotransferase was not elevated above control levels in birds receiving 0.1% linalool. However, AST was elevated (P < 0.01) in birds receiving 1% linalool ( Table 2) . The mean AST value in birds receiving 5% linalool was 429.30 IU/L, and there was a large SEM because of 4 very high values reaching 979 IU/L (Table 2) . Consequently, a nonparametric statistical method, Dunn's multiple comparison test, was used to compare treatment means, which were significantly higher than the controls, except at the 0.1 and 2% linalool level.
Serum calcium level of the control birds was 9.92 ± 2.28 mg/dL, and those of the treated birds were not different. The serum calcium level of the birds receiving 5% linalool was 7.94 ± 1.6 mg/dL. Serum phosphorus of the control birds was 3.34 ± 0.82 mg/dL, and the serum phosphorus levels of the treatments were not different from the control.
The serum glucose level of the control birds was 233 ± 24 mg/dL, and those of the treated birds were not different. The glucose level in birds receiving 5% linalool was 278 ± 34 mg/dL.
During the course of the experiment, 2 birds in untreated control groups died.
DISCUSSION
The purpose of our experiment was to determine if linalool may be fed to chickens or if it is toxic to chickens. At the outset, we did not know if linalool-treated feed was palatable, whether the birds would eat it, and whether or not they would consume sufficient quanti-ties to maintain reasonable growth rates. We also did not know if linalool exposure was toxic to chickens.
We observed that linalool-treated feed was palatable at doses below 2%, feed conversion was unaffected at 2% linalool or less, but was poor at linalool levels above 2%. Linalool was not toxic. This is supported by the fact that there was no mortality among linalool-treated chicks, and we did not observe liver enlargement in the groups except for the 5% linalool-treated group. Nor did we see increases in serum gamma-glutamyl transferase, a serum enzyme that increases with liver toxicity. Similarly, blood urea nitrogen and creatinine were each unremarkable, indicating a lack of linalool toxicity on the kidneys. We observed that linalool-treated birds exhibited less excitability and appeared to be quiet compared with untreated birds. This result may be similar to the calm linalool produced in human volunteers (Kuroda et al., 2005) , and to linalool inhalation repressed stress-induced effects in restrained rats (Nakamura et al., 2009) .
Normal serum chemistry values for White Leghorn chickens have been published (Fukata et al., 1997) , and values specific to the Hy-Line W-36 strain have also been published (Harvey et al., 1984 . Additionally, there are published values for broiler breeds Huff et al., 1988; Sato et al., 2002) . There is some considerable variation in the values given by each author. This makes it difficult to determine if statistical differences between control groups and linalool-treated groups reflect biologically significant differences or mere mathematical curiosities. Of the 16 different serum chemistry tests conducted, only AST clearly increased with the linalool dose and exceeded published normative values at the highest linalool doses. The control values were consistent with published AST values for White Leghorn chickens, 178 ± 16 IU/L (Fukata et al., 1997) . Normal calcium levels are expected to be approximately 9 to 12.5 mg/dL (Harvey et al., 1984; Fukata et al., 1997) , and our control values fell within this range. The birds receiving 5% linalool trended at lower serum calcium levels, but the levels were not different from the controls. Normal serum phosphorus is approximately 7 to 8 mg/dL (Harvey et al., 1984 , and the serum phosphorus level in our birds was lower. The serum phosphorus levels of the control birds were 3.34 ± 0.82 mg/ dL, and all of the treatments were not different from the control, but both the control and treatment serum phosphorus was lower than those previously reported by Harvey et al. (1984 Harvey et al. ( , 1986 , for the same strain of birds.
Serum glucose levels were all below published values, including our control groups. Normal glucose levels have been given as 335 ± 33 mg/dL (Fukata et al., 1997) , 302 ± 44 mg/dL (Sato et al., 2002) , and 292 mg/dL (Harvey et al., 1984) . The glucose level in birds receiving 5% linalool was 278 ± 34 mg/dL. Our control values were approximately 45 mg/dL lower, but were not different from the 5% linalool-treated birds. Nevertheless, none of these glucose results indicated hy- perglycemia, and all glucose values were close enough to published glucose levels that they probably do not reflect either biological significance, or an effect of linalool. Two birds in the untreated controls died during the experiment, but occasional mortality is not unusual in experiments of this sort, and these deaths were not an indication of linalool toxicity. We are challenged to understand the effect of linalool on AST and feed conversion. Aspartate aminotransferase may be an indicator of liver tissue damage, yet there was no gross pathology. We did not see a dosedependent increase in alanine aminotransferase, an enzyme that is recommended as the primary indicator of hepatocellular injury (Ennulat et al., 2010) . But the levels of AST do not always correlate with the extent of liver damage (Nabili, 2012) , and increased AST has been described in association with drug-induced cytochrome P-450 induction in the rat, dog, and human (Ennulat et al., 2010) . Further, the remaining serum values were remarkably unaffected by linalool treatment and approximated published values for untreated chickens. Therefore, our present results indicate that 2% or less of linalool can be safely incorporated into chicken feed.
We hypothesize that linalool may be very beneficial in reducing or eliminating insect infestations in the poultry house. It is well known that flies can be a significant source for the transmission of Salmonella serovar Enteritidis within a flock (Holt et al., 2007) . This interaction may be the case because flies are attracted to bacteria as a result of quorum sensing (Ma et al., 2012; Tomberlin et al., 2012) , utilizing volatiles produced by the bacteria for location and detection, and allowing flies a source for oviposition. Therefore, linalool should be tested in poultry bedding for potential reduction of insect infestation, thereby reducing bacterial contamination, and at the same time help produce a calming effect in the flock of chickens.
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